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Mechanism of point-defect diffusion in a two-dimensional colloidal crystal L. C. DaSilva, 1, 3 L. Câ ndido, 2,3 G.-Q. Hai, 3,a) and O. N. Oliveira, Jr. The dynamics and mechanism of migration of a vacancy point defect in a two-dimensional (2D) colloidal crystal are studied using numerical simulations. We find that the migration of a vacancy is always realized by topology switching between its different configurations. From the temperature dependence of the topology switch frequencies, we obtain the activation energies for possible topology transitions associated with the vacancy diffusion in the 2D crystal. Defect dynamics is an important subject in condensed matter physics. In an effort to understand the dynamics of individual point defects, Pertsinidis and Ling 1,2 conducted experiments in which point defects such as mono-vacancy and di-vacancy were artificially created in a two-dimensional colloidal crystal (2DCC) by manipulating the colloid particles with optical tweezers. They mapped in real space and time the position of these defects for a long time period and found that the defect trajectory is not a pure random walk on the triangular lattice because of a lower symmetry of topology configurations of the defect as compared with a perfect triangular lattice. Furthermore, they observed that the possible stable configurations are not only the point defect but also configurations in which the defect appears as a dislocation pair. Libál et al.
3 studied theoretically the dynamics of point defects in a 2DCC using Brownian dynamics (BD). They pointed out that the so-called gliding configurations, namely, the configurations V 2 and SV of a vacancy and I 2 and I 2d of an interstitial, are responsible for the one-dimensional (1D) diffusion along the crystal axes, while the configurations V 3 , V In this letter, we clarify the underlying mechanism that mediates the diffusion processes of a vacancy point defect in the 2D crystal. Our simulations reveal that a point defect cannot move alone while keeping the same topology configuration. The migration of a vacancy relies on its configuration transitions. Transition between different configurations leads to a jump of the vacancy center in the 2D lattice. Furthermore, in spite of its importance for the defect dynamics, no quantitative results have been reported for the activation energy of defect migration. 2 Here, we obtain the activation energies of migration of a vacancy jumping from one configuration to another by analyzing the temperature dependence of the topology transition frequencies.
We simulate a 2DCC composed by 1079 particles, taken as identical spheres of radius a ¼ 0.18 lm, charge Z * ¼ 1650e, suspended in a solvent (here considered as a structureless medium with dielectric permittivity ¼ 80) and confined to move in 2D. The particles interact through a screened Coulomb potential with the screening length k ¼ 0.39 lm. We define the units of energy and time as E 0 ¼ ðZ k eÞ 2 =er and t 0 ¼ ðE 0 =mr 2 Þ À1=2 , respectively, with r ¼ 1.1 lm being the unit of length, where
describing the effect of the nonzero radius of the colloidal particles. 2, 5 We simulate this system using two approaches: molecular dynamics (MD) and BD. 7, 8 Both the approaches are widely used in the simulation of colloidal suspensions. However, it is believed that the BD describes more accurately the colloidal systems, because the dynamics of the colloidal particles follows Brownian motion in the presence of the solvent. BD is a simplified version of the Langevin dynamics that corresponds to the limit where no average acceleration takes place during the simulation run. 7 In our simulation, hydrodynamic interaction is neglected. For MD simulation, the evolution of Newton's equation of motion is obtained with the four-order predictor-corrector algorithm. 9 The time step is important in the simulation, as it should be sufficiently small in order not to miss any topology transition but large enough so that the simulation is efficient. We fixed the time step at 0.005t 0 . Thermodynamic equilibrium was assumed to be achieved during the first 50 000 time steps, after which the calculations started. The computation was realized during a period of 8 Â 10 7 (1.25 Â 10 8 ) time steps for MD (BD) simulations.
The defect was tracked at each time step using the Voronoi construction 3, 6 which provides the number of nearest neighbors of each particle in the system. The defect core is characterized by the presence of mis-coordinated particles. Its position is defined as the center of mass of the mis-coordinated particles, i.e, the particles whose nearest neighbors are different from six. These mis-coordinated particles define the current topology of the defect, i.e., how the vacancy's core is organized in a given moment. Movement of a vacancy is a collective phenomenon involving several colloids which move locally during the defect diffusion. We identified the following vacancy topology configurations in the 2D crystal: the split vacancy (SV), the twofold (V 2 ), the threefold (V 3 ), the fourfold ðV 0 4 Þ symmetric configuration, and the dislocation pair (Pair) topology configuration. Table I The movement of point defects in crystals can be understood in terms of random thermal fluctuations, which may provide enough energy and momentum making the defect to jump from one position to another. These jumps can be considered as rare events since their probability is very small compared with the lattice vibration frequency. Fig. 1 illustrates an evolution of the vacancy defect during 631 time steps in a MD simulation. At first 410 time steps, its configuration was V 3 . At certain instant, the configuration suddenly switched to SV topology in which it remained for the rest 221 time steps. Notice that the jump of the defect center occurs at the exact moment when the defect topology switches from one configuration to another. This event defines the beginning of an irreversible process of the local lattice structure with the defect relaxing to a new position. Although the change in the defect topology does not imply a very clear change in the position of each particle (zoom in Fig. 1 ), the vacancy center of mass was displaced by about half lattice constant r. We estimate the point defect displacement at each topology transition as the difference between the defect positions before and after a topology change. Assuming that the topology change is identified in the time t, the displacement is given by
where r def (t) is the center of mass of the mis-coordinated particles (i.e., the defect core). Fig. 2 shows the histograms of the point defect displacement during the main topology transitions. The same results are obtained from the MD and BD simulations. It is found that the mean displacement Dr m of the defect center ranges from 0.51 r to 0.54 r. There is certain symmetry in the displacements between two configurations. For example, almost the same values were obtained for the mean displacement Dr m and standard deviation d for the SV ! V 2 and V 2 ! SV transitions. Significantly, no jumps were found for the defect remaining in the same configuration, e.g., SV ! SV and V 2 ! V 2 .
The defect jump occurs when a certain energy barrier is overcome by the particles involved in the defect. In principle, the point defect jump frequency can be described by the Arrhenius relation PðTÞ / expðÀE m =k B TÞ, where E m is the activation energy of migration. Upon identifying the defect topology at each time step, one can estimate the defect jump frequency by counting its topology transitions per unit time. The activation energy could then be obtained by the temperature dependence of the defect jump frequency. However, we analyzed the frequencies and found that, in most cases, the Arrhenius relation was not strictly obeyed.
Deviations from the Arrhenius relation for diffusion processes are not a novelty. They may originate from fundamental aspects involving the atomic migration mechanism up to effects associated with micro-structural characteristics. The defect diffusion deviating from the Arrhenius relation has been reported for normal metals such as potassium 10 and silver, 11 as well as the anomalous metals such as b-titanium. 12 Frequently, these deviations have been attributed to simultaneous effects of two or more different defects 2011) which contributed to the diffusion process. 11 However, such an assumption does not apply to our case since we are treating each topology transition of a single defect. The deviation from the Arrhenius relation for the point defect jump in the 2D crystal can be attributed to the temperature dependence of the activation energy, 13, 14 which results mainly from nonharmonic effect in the vicinity of the defect. To deal with this nonlinear behavior, the mostly used approach is built on a phenomenological expression for the free energy of atom migrations, 13 which incorporate a third-order non-harmonic term. The defect jump frequency is given by
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where p 0 is a characteristic frequency of the defect vibration, the dimensionless parameter a corresponds to the curvature of ln(P(T)) versus 1/T, whereas T m is introduced just for normalizing the second exponential. Fig. 3 shows the jump frequencies among the different topology configurations obtained with (a) MD and (b) BD simulations. They are fitted by Eq. (2) which describes very well the temperature dependence of the vacancy jump frequencies in the 2DCC. Table II gives the obtained E m and a. The results from the two theoretical approaches are qualitatively similar. They show that the activation energies between two topology configurations depend on the direction of the transition, i.e., the activation energy from one configuration to another is different from that of the inverse process. The activation energies between SV and V 2 are small leading to very frequent transitions between them. This explains the 1D nature of the point defect diffusion during a short time period since both SV and V 2 are of twofold symmetry. The V 3 ! V 0 4 transition requires the largest activation energy because the topology V 0 4 is almost inaccessible due to its high formation energy. 5 The negative activation energy for the Pair ! V 2 transition indicates an attractive potential in a dislocation pair which is consistent with the experimental observation in Ref. 1 . The same seems to apply to the V 0 4 ! V 3 transition, but because few transitions were observed, and consequently, large numerical errors in the simulation, we cannot reach a definitive conclusion for this transition.
In conclusion, both the MD and BD simulations yielded results consistent with experimental observations for the vacancy defect dynamics in the 2D colloidal crystal. We clarified the defect thermal diffusion mechanism in this system and obtained the activation energies of migration. The vacancy diffusion relies on its topology configuration transitions. Each topology transition leads to a jump of the vacancy center of about half lattice constant. The dynamics for the point defect migration in the 2DCC obeys modified Arrhenius relation including non-harmonic effects.
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